Abstract: We present a theoretical and experimental study on the effect of a control field over the temporal propagating characteristics of the signal field in a two-port device. We show that the time delay obtained by the two-port device for the signal field can be greatly modified by the employment of a control field, and therefore, this second input can be used to design devices with tunable group delay. This has been experimentally demonstrated by using a beam splitter plate as two-port system. Furthermore, we analyze the effect of the dual input for a fiber Bragg grating, where it is possible to significantly enhance the time delay with the appropriate control field.
Introduction
In recent years, slow-light phenomena have attracted great interest due to their potential applications [1] such as optical processing, pulse buffering [2] , [3] , and interferometry [4] , [5] . The ability to slow down the group velocity ð G Þ of a propagating pulse implies controlling the frequency dependence of the refractive index by using two different mechanisms: strong material dispersion [6] or structural dispersion [7] . After an initial demonstration of ultraslow group velocities of light pulses by Hau et al. [8] , several methodologies have been used, which exploit the two mechanisms mentioned above. Hence, for example, material dispersion has been obtained through electromagnetically induced transparency (EIT) resonances [9] - [11] , coherent population oscillations [12] , [13] , or atomic double resonances [14] , [15] , while structural dispersion has been obtained employing photonic crystal waveguides [16] - [18] , coupled resonator optical waveguides (CROWs) [3] , [19] - [21] , or stimulated Brillouin scattering (SBS) in optical fibers [22] , [23] .
In principle, one of the major drawbacks of structural dispersion is that these systems are passive in nature, i.e., there is no easy way to change the dielectric constant profile of the medium, so they are not tunable. However, different mechanisms have been studied in order to make these systems tunable. Thus, tunable group delay for structural slow light has been demonstrated using active fiber Bragg gratings (FBGs) [24] , [25] or by employing electrooptically tunable microring resonators [26] , [27] . Recently, Ang et al. [28] showed that it is also possible to obtain a tunable time delay system using a microresonator with dual contrapropagating inputs of the same frequency. In this way, we will demonstrate that such behavior can be obtained by any symmetric two-port device with dual input, where one of the inputs acts as a control field, which changes the temporal propagating characteristics of the signal field. Therefore, depending on the control field used and the propagating characteristics of the optical element (transmittance and reflectance), this mechanism makes it possible to design devices with tunable time delay or enhance the time delay obtained by structural dispersion. It can be highlighted that, with this methodology, it is possible to obtain delayed signals with relatively high transmittance. In the same way, compared with other all-optical tunable delay systems, as those based on pump-probe mechanism [29] , [30] , our system exhibit low power consumption, since the intensity of the control beam must be of the same magnitude of the signal beam, while the pump beam (control) usually was significantly greater than the probe beam (signal).
This paper is organized as follows. First, the theoretical background section shows the analytical formulas for the time delay of a two-port system, considering two different contributions, i.e., one due to direct propagation of the signal field through the device and the other one due to the presence of the control field, which initially can take any form, i.e., it will not be equal to the signal field. The results and discussion section provides two examples of how to use the control field in order to modify the time delay. First, we show theoretically and experimentally that the interference mechanism can convert a simple beam splitter plate into a tunable group-delay device. Second, we show that, using the right control field, the time delay obtained by an FBG can be significantly modified.
Theoretical Background
The outgoing and incoming fields of a linear optical element are related through the Electromagnetic Scattering Matrix (S-matrix) [31] , [32] . In the particular case of a reciprocal two-port device (two inputs and two outputs), such relation can be written as
where the elements of the S-matrix are expressed as a function of transmittance and reflectance amplitudes of the optical element (ð!Þ and ð!Þ, respectively) and their respective phases [ ð!Þ and ð!Þ]. It is important to remark that the complex reflectance and transmittance determines the behavior of the optical system in the frequency domain, and their knowledge implies solving the Maxwell equations with appropriate boundary conditions. Now, let us consider two incoming fields, the signal field a 2 ð!Þ ¼ 2 ð!Þ, which is a real function of frequency, and the control field a 1 ð!Þ ¼ 1 ð!Þexp½{ ð!Þ, which has an amplitude 1 ð!Þ and a phase difference of ð!Þ with respect to the signal field. Therefore, according to (1) , the outgoing field b 1 ð!Þ is given by
where we defined the function gð!Þ ¼ 1 ð!Þð!Þ= 2 ð!Þð!Þ as the ratio between the product of control field amplitude and reflectance modulus, and that of transmittance modulus and signal field amplitudes, while ð!Þ ¼ ð!Þ À ð!Þ þ ð!Þ includes the phase functions of reflectance, transmittance, and control signal. As can be seen, in the presence of the control beam, the output field b 1 ð!Þ not only depends on the input 2 ð!Þ and the transmittance of the system but is also a function of the field a 1 ð!Þ and reflectance of the optical element. Thus, considering that, for a lossless system, the phases of transmittance and reflectance satisfy the condition ð!Þ À ð!Þ ¼ AE=2, for the general case, we consider that this phase difference can be defined as ð!Þ À ð!Þ ¼ AE=2 þ #ð!Þ, where the term #ð!Þ takes only nonvanishing values for a system with loss. Therefore, the modulus 1 ð!Þ and phase b 1 ð!Þ of the field b 1 ð!Þ are given by
where is a parameter that takes the value 1 or À1 depending on whether the difference ð!Þ À ð!Þ starts on =2 or À=2, while Àð!Þ ¼ ð!Þ þ #ð!Þ takes into account the effect of the phase of the control input together with the effect of the losses in the phase of the reflectance. An interesting result is obtained for the phase of the outgoing signal field b 1 ð!Þ since, due to the presence of the control signal, new terms appear, which depend on the amplitudes of both signals, i.e., reflectance and transmittance, together with the Àð!Þ function. Therefore, the time delay b 1 of the signal field after passing through the optical element can be estimated differentiating the phase b 1 ð!Þ with respect the frequency !, and we will distinguish two different contributions b 1 ¼ þ c , one due to the phase of the transmittance ð Þ and the other due to the presence of control field ð c Þ, which can be written as
where is the time delay associated with the physical characteristics of the two-port device, like thickness, refractive index dispersion, or structure. However, as can be seen from (6), the delay due to the control field depends on the dispersion of the functions gð!Þ and Àð!Þ, which are related to the amplitudes and phases of the control field, the transmittance, and the reflectance. Therefore, this second term can be used to increase the time delay of the optical element or to design an optical system with tunable delay using the appropriate control field. As examples, we will study two cases in order to demonstrate two different ways to modify the temporal delay of an optical system with the control field.
Results and Discussion

Beam Splitter Plate
Let us start the study of the effect of the control beam theoretically and experimentally for a simple system by analyzing the time delay produced by a beam splitter plate with dual input formed by very narrow pulses in the frequency domain (i.e., high bandwidth in the time domain). A scheme of the optical setup employed for the experimental measurement is shown in Fig. 1 . The continuous beam generated by a Nd:VO 4 laser passes through an electrooptic amplitude modulator (EOAM), which generates a Gaussian pulse of the desired temporal width ðÞ. The beam then crosses two beam splitters, where the first was used to create a reference signal, while the second one produces the signal and control fields. Finally, two mirrors redirect the signal and control fields to the last beam splitter, which acts as the two-port system giving the tunable time delay. The mirror on the signal field arm was controlled with a micropositioning system in order to select the phase difference between the two fields, while the control field arm includes an electrooptic phase modulator (EOPM), which was used to modify the functional dependence of the control beam on the frequency. Specifically, we used the EOPM in order to modify the carrier frequency of the control field. This was done using a periodic positive ramp temporal function with the amplitude required to change the phase of the control beam between 0 and 2, so the displacement of the carrier frequency was given by the frequency of the temporal function used. It is important to note that, although the experimental setup seems to be a Mach-Zehnder interferometer, we are not analyzing the time delay generated by such interferometer, since the control and signal fields can be generated with other experimental setup, but this is an easy way to generate both fields in the laboratory.
In this case, we assume that the two-port system is not dispersive, i.e., there is no frequency dependence for , , and over the region of interest ( ¼ ¼ ffiffiffi 2 p =2 and is constant for all the frequencies of the pulse), and without loss ½Àð!Þ ¼ ð!Þ. So according to (4) and (5), there is no delay of the signal field in the absence of a control field (the time delay produced by the transmittance is negligible compared with the width of the pulse). Furthermore, a constant phase difference between control and signal fields ð ð!Þ ¼ 0 Þ was used, i.e., no significant difference between the optical path length of control and signal beams, so the only source of time delay for this system is the derivative with respect to the frequency of gð!Þ, which now only depends on the control and signal field amplitudes ðgð!Þ ¼ 1 ð!Þ= 2 ð!ÞÞ. Therefore, it is important to note that, in order to obtain a time delay, the two amplitudes must not have the same frequency dependence. This was achieved by simply changing the carrier frequency of the control field, so the amplitudes are easily obtained after the corresponding Fourier transform of the respective time-dependent input fields [the same Gaussian envelope with different carrier frequencies ! , a ðt Þ ¼ expðÀt 2 = 2 2 Þexpð{! t Þ] and are given by
where denotes the temporal width of the Gaussian pulse, and Á! 0 is the displacement of the carrier frequency of the control field produced by the EOPM. Introducing amplitudes (7) and (8) into (6), the delay obtained for the b 1 output can be written as
where ! 0 ¼ ! À ! 0 defines the displacement of the frequency with respect to the carrier of the signal beam. Equation (9) takes a form similar to a Lorentzian function centered on the average value of the two carrier frequencies, where its magnitude depends on three parameters Á! 0 , , and the phase difference 0 . This last parameter is not only responsible for the value of the time delay but also determines the sign, so it is possible to obtain fast or slow light by selecting the appropriate value of 0 . Specifically, for this optical system, superluminal group velocity can be obtained for values of 0 in the interval ½À=2 : =2, while subluminal light can be obtained for values between =2 and 3=2. This can be seen in the simulations shown on the left-hand side of Fig. 2 , where we plotted the time delay in the presence of a control field for different values of the parameters. As mentioned above, the behavior of the time delay corresponds to a Lorentzian function, which is positive for 0 values less than =2, while negative time delay is obtained for 0 values higher than =2. The magnitude of the time delay increases as the phase difference 0 approaches to =2, so for example, a maximum time delay of 0.073 s is obtained for 0 ¼ =2 À 1:7, whereas a value of 0.27 s can be reached with a phase difference of 0 ¼ =2 À 0:6.
However, the increase in time delay also implies greater deformation of the modulus of the output field b 1 in the frequency domain as shown on the right-hand side of Fig. 2 , and thus, there will be a great deformation of the pulse in the time domain. As can be seen, the intensity profile for 0 ¼ =2 AE 1:7 retains the Gaussian distribution of the input signal but, in this case, centered on the frequency ! 0 ¼ Á! 0 =2, as in the case of time delay but a little wider, while for 0 ¼ =2 AE 0:6, greater deformation of the Gaussian distribution is observed. In the same way, larger values of time delay also imply smaller values of the maximum intensity of the signal b 1 , i.e., the losses also increase, where the term losses refers to the intensity of the output b 2 .
Finally, we can analyze the effect in the time domain by simply doing the inverse Fourier transform of the output signal b 1 ð!Þ, so the intensity of the output pulse is Iðt Þ ¼ jFT À1 ½b 1 ð!Þj 2 . Fig. 3 shows theoretical and experimental intensity distributions in the time domain for the optical setup employed here. As can be seen, both superluminal and subluminal group velocity can be observed by tuning the phase difference 0 . The left-hand side of the Fig. 3 shows that the pulse may be advanced or delayed the same amount by adding or subtracting a given value to =2 of the phase difference. As can be seen, a very good agreement between theoretical predictions and experimental measurements was found. In the case of 0 ¼ =2 AE 1:7, the temporal delay (or advance) of the output pulse obtained was around 0.06. The right-hand side of Fig. 3 shows the theoretical and experimental pulse delay data for different working conditions, which, in principle, increase the time delay, since we increase the displacement of the carrier frequency and use a phase difference closer to =2 than that used in the case shown on the left. As can be seen, with these conditions, the output signal advanced 0.15 s with respect to the reference signal but with a greater deformation of the pulse envelope, since, in this case, a secondary lobe appears delayed by about 0.3 s with respect to the reference signal. We also want to note that the output signal has more intensity than that of the input signal due to the contribution of the control beam. So for example, for the control beam with Á! 0 ¼ Hz, the output signal has a maximum intensity 2.5 times that of the input signal, which is a probe of the interferential nature of the group delay for these systems.
Reflection Bragg Grating
The second case that we are going to analyze is a reflection Bragg grating with dual input. The reflection Bragg grating is a typical example of a system that exhibits slow light due to the material structure and has been studied extensively, usually in the field of fiber optics applications [24] , [33] , [34] . However, the studies in the bibliography usually use the approximation given by the coupled wave theory (CWT) to study the effect of material structure on the group velocity [33] , [34] , while in our case, we use the exact solution of the Helmholtz equation for the Bragg grating [35] . The main reason for doing this is that the solution given by the CWT does not fulfill the condition ð!Þ À ð!Þ ¼ AE=2 for a FBG without loss (i.e., #ð!Þ is not zero for CWT), which was a requirement for all the systems without loss, as mentioned in the theoretical background. Therefore, we use the exact transmittance and reflectance coefficients for a dielectric constant like that shown in Fig. 4 . Details of the procedure to obtain such coefficients can be found in reference [35] , which can be expressed in reduced form as
where the functions q and q are combinations of the Mathieu cosine CðqÞ and Mathieu sine SðqÞ functions and their derivatives, which can be written as
where the characteristic parameters q are given by two different sets, called u and v , which are given by Fig. 4 . Scheme of the configuration studied for a Reflection Bragg grating.
Finally, the i coefficients are defined as
where ! g is the central frequency for which the grating is designed, m is the dielectric constant of the surrounding medium, is the average dielectric constant of the grating, while 1 is the dielectric constant modulation, and L is the grating length. As a function of all of these parameters, it is possible to obtain the time delay from femtoseconds to picoseconds, but in all the cases, the Bragg grating acts as a passive device for optical pulse manipulation. In our case, we are going to show how the presence of the control field converts this passive element into an active device with tunable time delay. In order to do this, let us analyze the case of a FBG with standard values for the design parameters (
15 s À1 , and L ¼ 0:1 meters), whose transmittance spectrum as a function of the 1 variable is shown in the upper part of Fig. 5 for two different scales. Fig. 5(a) shows the spectrum over a wide range of values of 1 , which is characterized by a wide central reflection band with high efficiency and multiple narrower lobes with lower efficiencies. Since the main requirement of any device is the minimization of losses, we selected a signal field with a Gaussian envelope ðaðt Þ ¼ expðÀt 2 =2 2 ÞexpðÀ{! 0 t ÞÞ whose carrier frequency ð! 0 ¼ ! g þ Á! 0 Þ was centered on the first maximum of transmittance ðÁ! 0 ¼ 29:5 GhzÞ and whose width in the frequency domain was set obtain distortionless transmission ð ¼ 7:4 psÞ. Fig. 5(b) shows in detail the transmittance spectrum around the first maximum and the normalized signal field in the frequency domain. Without the presence of a control field, the Bragg grating acts as a passive device for the input pulse, for which the time delay can be estimated by differentiating the phase of the transmittance with respect to !. In the case of the values used for the FBG, the time delay of the transmittance is shown in Fig. 6(a) . As can be seen, the FBG time delay is similar to a Lorentzian curve centered at the frequency of maximum transmittance (which is the same as the carrier frequency of the selected pulse), whose maximum value is about 10 ps. The temporal response of the transmitted pulse, together with the reference pulse (pulse that travels a distance L in a medium with dielectric constant ), can be seen in Fig. 6(b) and (c) . Basically, the pulse undergoes a delay of about 7 ps due to the effect of the Bragg grating, which implies an approximate ratio of 1 between the time delay and the pulsewidth. Also, a slight temporal broadening was observed due to the frequency filtering, since, as can be seen in Fig. 5(b) , the transmittance amplitude is different for all the frequencies of the pulse.
The time delay obtained by the Bragg grating can be substantially modified by the presence of a control field, since, as explained in the theoretical background, this field adds an extra contribution to the time delay of the output signal, which depends on the amplitude of the control beam in the frequency domain, the relative phase difference between both fields, and the reflectance and transmittance of the device. For example, let us consider a control field, which is identical to the signal field ð 1 ð!Þ ¼ 2 ð!ÞÞ, but that impinges on the device with a linear phase difference with respect to !, which can be written as
where is a parameter with dimensions of time, which basically determines the delay with which the control field impinges on the device with respect to the signal field, while 0 denotes the difference of phase origin between both fields. In this case, the gð!Þ function only depends on the transmittance and reflectance amplitudes
Therefore, the new contribution to the time delay due to the control beam can be written as
where 0 ð!Þ denotes the derivative of the transmittance amplitude with respect to the frequency. Now, let us analyze the effect of two different control fields, one with a phase difference 1 ð!Þ ¼ Àð! À ! 0 Þ À =4 and the other one with a phase difference 2 ð!Þ ¼ ð! À ! 0 Þ þ 5=8. Fig. 6(a) , shows the c contribution for these two different ð!Þ values, which is also compared with the contribution of the transmittance . As can be seen, the maximum (or minimum, depending on the sign) of the time delay due to the control beam c shifted with respect to the carrier frequency, and the time delay exhibited a smoother behavior than , so nonvanishing values were obtained over all the frequency detuning range plotted (2.5 times the pulsewidth in the frequency domain). It is important to note that, as in the case of the beam splitter plate, the phase difference ð!Þ determines the sign of the contribution c , so for 1 ð!Þ and 2 ð!Þ, the time delay c has the same behavior but with the opposite sign. Thus, in the presence of a control field with 2 ð!Þ, the total time delay of the output signal is approximately twice that obtained by the Bragg grating for the carrier frequency and greater for the other frequencies, while for a control field with 1 ð!Þ, c cancels out for the carrier frequency and has negative time delay for the other frequencies.
Finally, the simulations of the output pulse in the time domain for all these configurations are shown in Fig. 6(b) and (c) . As can be seen, the output pulse for the control beam with 2 ð!Þ is delayed for 18 ps with respect to the reference pulse, so the ratio between delay and pulsewidth becomes approximately 2.4, which is double that obtained only with the Bragg grating. Also, it should be noted that this delay is obtained with low loss with respect to the original pulse, since the output intensity is about 0.7 times of the input pulse intensity. An interesting result is also obtained by the control beam with 1 ð!Þ, for which superluminal behavior is observed, so the output pulse advanced for 3.5 ps with respect to the reference one. Therefore, we showed that the interference with a control beam can be used to tune the time delay of a FBG, changing the behavior from subluminal to superluminal.
Conclusion
In conclusion, we have demonstrated that a two-port systems with dual input can be used to design a tunable time delay systems or to significantly enhance the time delay obtained by only one input. In this way, we have deduced the analytical formulas for the effect of the control field on the propagating characteristics of the signal field. This has been analyzed for two different systems, a beam splitter plate and a FBG. In the first case, we have shown that slow or fast light can be obtained as a function of the phase difference between the two inputs, where the control field is slightly different from the signal field. In the second case, we have demonstrated that, with the appropriate control field, the interference mechanism enhanced the time delay obtained by the FBG by a factor of three and that fast light can also be obtained.
